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FORKEWORD

This is the final report prepared by National Beryllia Corp. under
Contract NASw~685 for National Beronautics and Space Administra-
tiorn, The objectives of the work have been to develop techniques
for the growth of single crystals of beryllium oxide suitable tor
use in microelectronic applications, and the precise deteérmination
of their mechanical, thermal and dielectric properties. The work

.wag administered under the direction of the Electronics and Con-

trol Division, National Aeronautics and Space Administration.

This report covers work carried out by the Research and Develop~
ment Division of National Beryllia Corp., between 8 April 1963 and
8 December 1963.

Research was directed by Dr. Eugene Ryshkewitch, with Philip S.
Hessinger as Project Manager.. Technical personnel participating
in the »rogram included R. L. Sharkitt, K. H. Styhr, G. Ferment
and W. Allen. '
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Single cryegtals of beryllium oxide have been grown hy the water~
vapor transgport method, evaporation-condengation technique, and
crystallization foom molten salts. Hexagonal shaped platelets'
of monocrystalline Be0 have been produced, mainly hy the water~
vapor transpert method, in sizes up toe 0,175" diameter, with
average diameters of 0.050-0.060". . Chemical purity of these
crystals has been very high, with most of the impurities concen-
trated at the surfaces. High lecvels oi purity have alsec been
maintained on monocrystalline products of the evaporiation-.
condensation and molter salts techniques. '

Dielectric, optical and thermal properties of single crystals of
Be0 have been measured, and results correlated with crystal struc-
ture., Results of experimental work have shown strong indications
that monocrystalline Be0 exhibits many characteristics, both
physical and mechanical, which make the material far more attrac-~
tive than the polycrystalline variety. The use of monocrystalline
BeO, preterentially aligned, shows promise of far superior particu=-
late and aggregate properties for applicaticns ag wian filterx,
and controlle¢ energy transfer materials. /}LL]%ﬁi
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I. INTRODUCTION

The unidue combination of two physical prcperties have made
beryllivm oxide far more attractive than other refractory
crystalline moierials. Beryllium oxide exhibits both zan
extremely bhigh thermal conductivity and at the same time is a
dielectriz having high electrical resistivity and low dislectiric
loss. Sintered beryllium uvxide has, therefore, been useful in
numerous advanced electronic applicaticns where heat dissipation
from active components is of critical importance. In poly-
crystalline form, produced by normal cold pressing and sintering
sperations to yield a high purity body with 95-~98% of theoretical
density, beryllium oxide exhibits a thermal conductivityv of 0.63
cal/cmé/cm/sec®: at room temperature, with electrical resistivity
of at least 1015 ohm/cm and dielectric loss tangent of 0.0004 or
less depending on frequency. A list of some physical properties
may be found in Figure 1. .
The thermal and dielentric properties of polycrystalline BeO are
well known as well as the basic crystal structure of the material.
Several investigators have reported on the piezoelectric and fevro-
electric properties of 220. The obiectives of the present progwvam
have been the development of techniques for the growth of single
crystals of beryllium oxide suitable for use in microelectronic
applications, and the precise determination of their mechanical,
thermal and dielectric properties. Properties of specific interest
in Beu single crystals are: :
a. Thermal conductivity in "a"
directions
b. Blectrical resistivity as a function of temperature
¢. Dielectric constant as a function of ; squency and
temperature
d. Dielectric loss as a function of frequency and
temperature
e. infrared energy transmission
f. Optical properties
g. Crystal structure.

and "c¢" crystallographic
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SOME PHYSICAL PROPERTIES OF CRYSTALLINE BERYLLIUM OXIDE

Figure 1

Crystal Structure: Hexagonal: Wurtzite (ZnS)

Lattice Constants:

Molay Volume:

Density:

Melting Points

Boiling Point:

Therral Conductivity:.

(Cal/cmz—sec~cm~oc)
Volume Resistivity

{ ohm~cm)

20°¢

2.69 X
4.39 R-

il

a0
co
8.33

3.008 gm/cc
2570 + 300C
4120 + 170°C

20°¢
.0.63
20°¢c

1013

-

1000°C
0.07
1000°%

10
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II. SURVEY OF PREVIOUS WORK

Several papers have been puvblished based on work in the area of
production of beryllium oxide powders and the growth of BeC crystal-
line powders by calcination of various salts such as acetates and
oxalates. Beryllia crystals resulting from these studies have not
been considered under the present research since they are extremely
small in crystallite size and their end objective is utilization

in fabrication of ceramic bodies.

Growth of beryllium oxidc in single cxystal form has been investi-
gated by various groups inciuding the present authors under programs
related to nonelectronic applicatipns. Ryshkewicch and associates
(1) have reported on rcscarch and develcopment in the growth of BeO
whiskers to be utilized for high temperature resistant beryllia
fiber reinforced structural composites. This work conducted under
Aix Force sponsorship led to techniques for the preparation of’
single crystal whiskers of elongated geometry by oxidation of
beryllium metal vapors in a controlled atmosphere. Mechanical
property measurements on such whiskers indicated strengths in the
range of 800,000 to 1,900,000 psi in the a crystal direction and
100,000 to 500,000 psi in the ¢ crystal direction. Work done

within the same investigation led to preparation of such whiskers

also by-a hijyh temperature water-vapor transport, generally yisld-
ing lath-like crystals of predominantly c ax.s orientation and
hexagonal platelets of basal plane orieutation. Austerman and
Hopkine (2) have reported on the character of beryllium oxide
crystals grown from alkali molybdate solution, prircipally
LipM004-M003. Using this technique in a temperaturc range of
1400°C they obtained crystals up to 5 mm in the imperfecc condition
and up te 2 mm in a clear well-formed structure. Three dimensional
crystals of both the pyramidal and the prismatic form were produced
by varying the growth conditions. No attempt was made under this
program to evaluate the properties of the material. WNewkirk anc
Kingman (3) have reported on synthesis cf beryllium oxide single
crystals also utilizing growth from a molten flux. In their work
crystals up to a maximum of 5 mm were obtained., Their study in-
cluded some research on the water vapor transport technique, howev-r,
they were unable to adapt it to growth of larger crystals.
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I1I. TECHNICAL PROGRAM

Objaechives

The objectives of the pfesent program have been .thc development
of technigues for the growth of single crystals <f beryllium
oxide  suitable for use in microelectronic applications, and the
precise detexrmination of their mechanical, thermal and diglectric
properties,

1. Task A - Single Crystal Growth

B.

l.

The single crystal growth portion of the program has had

as 1ts main objective :the nerfection of techniques for
reproducibly growing platelet type crystals of controllable

high purity and minimum .surface contamination and imperfections.

Task B -~ Dielectric, Optical and Thermal Pfoperties

The thermal and dielectric properties of polycrystalline

Be0 are well known as well as the basic crystal structure of
the material.' Several investigators have reported on the
piezoclectric and ferroelectric properties of Be0. The
tecting vortion of thiz program has had as its main objective
‘the precise ceatermination of the anisotropic characteristics
of ‘'single crystal BeO as evidenced by the orientation gensi-
tivity of the mechanical, physical and thermal properties,

Approach

Task A «Vsingle Crystal Growth

The nucleation and arowth of pure single crystals of Bef has
been attempted in two completely different environments.

The first of these is by the water-vapor transport method )
where use is made of a pure Be0 system wherein polycrystal-
line BeO is both the nutrient and seeding material. The
second technique is by crystallization of Be0O from molten.
alkali molybdate.

a. ﬂé}er«Vapor Trangport Method

Beryllium oxide single crystals can be grown from the vapor
phase by taking advantage of the reversible characteristics
of the reaction: ‘

BeO -+ H20 al Be(OH)2

4
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The reaction as written will begin at approximately 300°C.
At temperatures approaching 1900-~2000°C considerakie amounts
of material may be transported in the vapor state ac
beryllium hydroxide, using an appropriate carriet gas. Upon
reaching a seed surface, under proper thermodynamic condi-
tions, the beryllium hydroxide will decompose and condense
as pure BeO crystals. While this process scems relatively
simple and straightforward, it is in fact rather complex
since many processing variables determine the quality and
gquantity of the BeO crystal yield,

The reaction chambher is made of all Be0O but there is s5till

a possibility of contaminating materials being released

from the chamber walls as a result of rorrosgzive attack by
water vapor. The presence of vapor phase contaminants in

the chamber may be strongly affecting the size to which a
crystal may grow. Surface contamination of a growing crystal
could be sufficient to upset the thermodynamic conditions
conducive to continued growth. The presence of this contami~-
ration on the surface can then prevent continued growth by
not affording an effective nucleation activity. Some avidence
has been seen supporting this type of reason.

Basically the growth apparatus congists of a sintered beryllium
oxide cylinder, open at both ends, which serves as the reaction
chamber when placed vertically in the graphite susceptor of

an induction heating furnace. The reaction chamber ig made
completely of pure BeO componenta, and all other materials

are isolated from the reaction chamber and transport path

to insure a minimizing of contamination possibility. High
fired beryllium oxide in form of chips or powder is introduced
into the lower section of the reaction chamber, directly in

the carrier gas inlet path, where it gerves as nutrient
material for the desired reaction. Helium is used as the
carrier gas, and is passed through a high humidity chamber
hefore entering the reaction chamber through a Berlox high
purity BeO inlet tube., Reaction oc¢curs between the water

vapor and Be0 nutrient charge. Reaction also occurs-at the
walla of the Be0 reaction chamber. The product of these
reactiong, beryllium hydroxide- ne(OL,z, is transported in

the vapor state to the upper section of the reaction chamber
where it decomposes and crystalline BeO condenses on the
surface of Be( seeding substrates.

“
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The regults of the water~vapor transport experiments are
listed in Table I and discussed in later sections of this

"report. Figures 2 and 3 describe the apparatus and reac~
tion chamber components. Figa, 4 & 5 zhow single crysﬁal products,

b. Growth from Solution

In order to obtain ~rystals of the non=platelet type,
attempts were made to produce single crystals of BeO by
crystallization from alkali molybdates. Bagic equipment
for this type of growth consists of an inevrt reaction

_ vessel containing an alkali molybdate and nutrient B=0 in

an air firing furnace capable of maintaining -the molten
bath at a constant temperature while one region on the
surface of the melt is artificially heat gunk to produce
» controllable thermal extraction area.

Data indicate that at l45$°C approximately 0.25 moles of
BeO may be dissolved in 1 mole of LizMoO4:1.25Mc0,, Crystal-
lization of Be0 may then be accomplished at temperatures in

'the neighborhood of 1425°%.

A platinum wound furnace was first considered foxr thia work
but reaction between the Mo0Oj vapors and the platinum wire
caused continuous breakdown, and a decision was made to

‘incorporate a glo-bar, muffled furnace instead. The Al,y03 .

furnace muffle was lined with a BeO tube to isolate tle

" reaction region and to afford better control of the chamber

temperatute. The LijMoO4, HoO3 and BeO were all placed in
a platinum crucikle which was placed inside a Berlox BeO
refractory boat. A thermal gradient was «a3tablished by
introducing a Be0 rod into the mel* anu heat sinking the
opposite end. ’

Takle IT lists the results of the crystallization experiments,
and Figure 6 describes the apparatus. Results are described
and discussed in later sections of this report.
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TABLE II

SOLUTION GROWTH EXPLRIMENTS

Furnace Charge

Li,Mo04 (NRC):BeO
1. : 2

L12?OO4(NBC):B§0

1.1,M00, (NBC) 1 Be03sM00,
.l .

2 ¢ 2

1 :1,255 1

LiyMo»09:8e0
Tl 10,5

L12?004(NBC):M0Q;BeO

$1.25:0,.5

~ LipMoCy (NBC) tMo04:Bel

+1.25:0,5

1469%

Solution
Temp. Time

1450° 24nrs.
1495°¢ 24hrs.

I6hrs,

1460°C 24hry,

1460°C 36hrs,

1460°% 36hrs,

1455% 36hra.

Crystallization

Temp. Time

1400°C 36hrs.
1400°C 48hrs.
1440°C 36hrs.

1440°C 24hrs.

1440°C 72hrs.

14450C 48hrs.

1425° 48hrs.

1

Results

Undissolved

Partially dissolved
No Crystallizerion

Be0O partially dis-
solved,.Some rejec-
tion of very small
Be0 crystals

Discolored-Some
disasolution,.No
crystallization

Partially dissolved
No crystallization

Mostly dissolve:t
Slight crystalliza-
tion.

Mostly dissolved.
Crystallization of
small BeO piatelets
up to .0.005~0,010"
long
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Figure 2 BERYLLIA CRYSTAL - GROWING APPARATUS
SHOWING INDUCTION HEATER, CARRIER
GAS TRAIN AND WATER VAPORIZER
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Figure 5 INTERNAL COMPONENTS OF APPARATUS;
: BeO REACTOR TUBE AND SEED ROLS
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Figure 4

Figure 5

NATLIONAL BERYLLIA CORPORATION

BERYLLIA SINGLE CRYSTAL PLATELET
' SHOWING IMPURITY DROPLETS ON.
SURFACE (100X)

SAME AS ABOVE IN
BRIGHT FIELD ILLUMINATION SHOWING
IMPURITY MIGRATION TRACES (100X)
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Tusk B - Propertiss Determinations

a, Dielectric

The basic equipment usged for determination of dielectric properties
includes a Federal Model H Teraohmmeter for DC resistivity, a
General Radio Model 16152 capacitance bridge assembly and a
Boontor Radio 1603 Q-meter. Because of the characteris.ic
brittleness and size of the crystal samples available, it was
necessary to construct specially designed sample holders capable
of making measurements of extremely fine gaps with reproducibility
and precision. To achieve this, a preliminary sample holder

(No. 1) was constructed and exploratory measurements made with

the General Radio bridge in order to determine some of the

problem arxeas in working with such a system. The results of thess
experiments are listed in Table III, and the sample holder is
shown in Figure 7. Based on these results, the following re-
gquirements were established for such a meag rement apparatus.

(1) capability of adjustment and calibration of capacitance
gap openings down to less than 0.0001" (2.5 microns).

(2) Complete flexibility in adjustment of probe and ground
electrode location so as to allow meagurement of not
only platelet type materials but ultimately fibrous
crystals.

(3} Facility for adapting the sample holder to high )
temperature measurements with ut disturbing the major
electrical characteristics of the system.

(4) Design made such that the extremely small p atelet

crystals can be insertea and removed with a minimum
of handling and with their location being such that
they can be physically observed during test.

With these requirements in mind, sample holder No. 2, (Figure 8},
wag designed and constructed. Preliminary experiments were run
using polycrystalline Berlox specimens of varying thicknesses,
both with and without metallized surfaces. Calibration curves
were thus generated to detexmine reproducibility and precision

of measurements and effects of shielding. Calibration curves for
sample holders No. 1 and No. 2 are shown in Figureg ¢ and 10.
Data used in establishing the characteristics of these curves

ig listed in Tables IV and V.

As was to be expected, the selection and fabrication of electrodes
was one of the more critical considerations in the establishment
of conditions acceptable for dielectric testing. Crystal size,
non-uniformity of crystal surface and brittleness can lend
congiderably to the difficulties involved in selecting and
affixing electrodes. The first approach was to use silver

“l3=-
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FIGURE 7

Capacitance Bridge Assembly with
' No. 1
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Crystal Sample Holder
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Electrode Spacing

0.0015"
0.0025
0.007
0,010
0.015
0,920
0,025
0.031
- 0.035

0.0025
0.007
0.010
0.015
0.040

0.025

0.0015

TABLE 1V

CALIBRATION DATA FOR DIELECTRIC
SAMPLE HOLDER NO, 1

Frequengy

1

).

KC
KC
KC
KC
KC
K
KC
KC
KC
KC
KC
KC
KC
KC
KC
KC
KC

KC

-19-

Capacitance
0.8700
0.8600
0.8140
0.8050
0.7450
0.7770
0.7700
0.7630

- 0.7530
0.6340
0.8330
0.45200
0.8060
0.7950
0,7840
0.7640
0.7590

0.80630

Disgipation Factor

0.0090
0.0090
0.009
0,009 .
0.0097
0.0099
0.0096
0.0095
0.0090
0.0080
0.0090
0.0090
0.0090
0.0080
0.0080
0.0090

-0.0097

0.0094



TABLE V

" CALIERATION DATA FOR DIELECTRIC
SAMPLE HOLDER NO. 2 WITH EQUAL -
AREA_LLECTRODES AND_NO SHIELD

- ~ e N _— 0 - o o - . 3
EDE mow UEE SR N oen 238y W=

Eléctrode Sparcing Frequency Capacitance Digsipation Factox
'0.0005" 1 rC 17.5740 10,0020
0.0005" 5 KC 17.5616 | ' 0.0055
0.0005" 10 KC 17.5770 0,0100
0.0007" ‘ 1 KC 17.5100 . 0.0020

‘ 0.0007" 5 ke 17.4940 - 0.0055
i 0.0007" 10 KC 17,5150 . 0.0100
g 0.0009" 1 KC 17.4640 0.0920
0;0009? ' 'S_xc '17,4500 0.005%
g . 0.0009" | 10 ke  17.4680 0.0100
,i 0.0011" , 1xc 17.4310 © " 0.0020
1 0.0011" 5 Ke 17.4170 0,005
'l 0.0011" 10 KC 17.4340 0.0100
% 0.013" Cike 17.4040 0.0020
0.013" 5 KC 17.3890 | 0.0055
i 0.013" 10 Ko 17.4084 0.0100
a 0.0015" ' 1 KC 17,3600 0.0020
§ 0.0015" 5 KC 17.3660  0.0055
0.0015" 10 KC 17.3850 0.0100
a 0.018" L KC 17.3570 ~0,0020
l 0.018" 5 KC : 17,3440 0.0055
0.018" 10 XC 17.3620 0.0100
l -20-
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paste: the second approach was to use normal Mo-Mn metallizing:
the third, and most successful approach was to use metal foil
electrodeg with vaseline between the specimen and the foil.
Results of these tests and dielectric we.isurement tezts are
congidered in a later section of this report.

b. Optical

The infrared absorptior. curves were optained with a Beckman

IR-8 spectrophotometer. It is an automatic recording single or
double beam instrument designed for the gualitative and gquantita~
tive chemical analysis of liquids, solids and gases. Equipped wich
two gratings and four filters, the IR-8 has a wavelength range
from 2.5 to 16 micrens. The instrument scans the entire range

in 8% or 25 minutes, recording linearly percent transmittance
versus wavelenath. Scale expansion, slit program, and time
constant are fixed, all parameters having been selected for
optimun performance. The double-heam optical zystem is null
balancing, employing an optical attenuator in the reference beam.

‘The single-keam system has a potentiometric null reference which

simulatee the nulling voltage normally produced by the energy
in the reference path, in cdouble-beam orcration.

Wavelength reproducibility is .005 from 2.5 to 5 a and .010 from
5 to 16 u. The stray radiation is less than 2%. Frequercy ac~
curacy ig ,008 from 2.5 to 5 uw and .015 to 16 u.

For the BeO absorption analysis, double-beam operation was employed.
Enexgy from a Nichrome source is reflected by a pair of parallel
nirrors., Thus, two identical beams are emitted from the source,
one along the reference path and the other alonag the samplr path,
A beam combining section directs reference and sample heams tec a
chopper mirror rotating at 10 cycles per second. The two teams
are alternately directed through the monochromator entrance slit
where each beam is collimated on a grating. In the monochromator,
each beam is dispersed into its compunent wavelengths and one
narrow band of wavelengths is allowed to pass through the exit
slit. Then the beam is focused on a tihermocouple where thermal
energy is converted intc an electrical signal.

Any difference in beism intensity appears in the detector system
as an alternating sigral having an amplitude proportional to the
difference.

The instrument automatically records the l:.uear variation of
transmittance as a function of wavelergcth., Where transmittance
is the ratio of radiant energy transmiited to energy incident on
sample, both obtained at one waveiength.

22w
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The absorption of energy in any spectrum is predicted by Quanturm
Theory. When the energy of a photon is e-tactly equal to the
differences between two vikrational energy states of a molecule,
light will be absorbed. Since the eneryy of a photon is propor-
tional to the frequency of light, it is seen that the akasorption
specteum of a molecule depends upon its natural modes of vibration.

The Bed crystal sample was mounted over a 0.100" hole located in
the center of a 2,21" x 2.08" plate and placed in the instrument's
sample glot. A similar plate, without the BeO crystal, was placed
in the reference slot. Since double-beam operation was ased, the
plates equalized the beam intensity of both zeference and sample.
However, by reducing the beam intensity, the amount of thermal
energy reaching the detector, was also reducerd, thereby weakening
the output signal and slowing down the pen response. This problem
was easily solved by using plates containing several holes for
mounting crystals, allowing more energy to reach the detector.

¢. Thermal
A review of the techniques for measurement of thermal conductivity
led to the selection of two approaches for making measurements on

small BeO single crystals. These techniques are as follows:

(1) Comparativae Method

This measurement technique is similar to the so-called cut-bar
technique described in ASTM Test Procedure C-408-5% which has
been utilized for the messu: ~ment of thermal conductivity of
ceramic materials. In general, the cut-bar method consists of

a series arrangement of & material of known conductivity such

as copper with the unknown interposed between two sections of the
known material., Thermocouples placed at predetermined spacings
in both the known and the unknown allow calculation of Q eat
flow) once a thermal gradient is established, and K may be cal-
culated based on the &# T alorg the sample. 1In general, this
technique is carried out in vacuum and is a relatively simple
method. The only complications that arise are usually in the
attachment of the sample to tho known material. In the measure-
ment of single crystal keryllium oxide the size and geometry ot
known specimen material is extremely small and therefore for
these tests it has been decided to utilize the fiber or whisker

type of single crystal which will provide data in one crystallographic

direction, The apparatus consists basically of an electrical heat
source, a differential thermocouple probe which acts as the known
standard on the hot side and to which the tip of the crystal is
attached. The heat sink iz a liquid low welting alloy material
into which the cold tip of the crystal may ke immersed so asg to
establish the thermal gradient. The entire apparatus is designed

23



to be operated in vacuum and should provide data at temperatures
up to approximacely 200°C above which radiation losses could
become an error source. Figuresll and 12 show the apparatus

and active components used in this method.

(2) The Dynamic Method

Arrangemants were made with Queens Labtoratory of Edison, New
Jersey to develop a dynamic or pulse techrique for the measurement
of the thermal conductivity of the platelet form of BeO single
crystal. .

Through the efforts of Dr. H. T. Smyth and Dr. W. Bauer, the
physical calculations were made, and preliminary experiments

run to =valuate this method as a means of measuring thermal
conduccivity. A small sub-contract was initiated to cover the in-
itial stages of this work and was sufficient to establish the

" feasibility of the method. It basically consists of the intro-
duction of a chopped light source onto one side of the crystal,
each side of the platelet having a vapor deposited ti-metallic
film thecrmocouple. Based on the freguency of the heat ernergy
and the temperature gradient established across the crystal the
thermal conductivity may be calculated. 1Initial tests conducted
with glass microscope slidegs and polycrystalline BeO simulated
crystals established the applicability of such a technigue to
the measurement of monocrystalline Bed properties. Appendix 1
contains a complete description of the technique, and full dis-
cussion of the results gained.

(c) Results

1. Task A - Singie Crxystal Growth

The nucleation and growth of pure, single crystals of BeO has
" been accomplished in two completely dlfferent environments.
The cquality of. single crysialline pr@ﬂuct has been very good
but considerable work is still necessaryv to advance the state-
of~the-art to a position where crystal size is significantly
inreased. The most success has been achieved with the water-
vapor transport method; while results of the crystallization
experiments indicate 3 very strong potentlal for this process.

a. Water-vVapor mtan_port Mntheﬁ

The experinents performed under this phase cf the program are
listed in Table I. Crystals grown by this technigue have been
- hexagenal in cross~section with diameters of 0.050 - 0.,060"

4=
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and many crystals up to 0.175%" diameter. Chemical purity of

these crystals is bette: than 99.9%. Surface impurities con-
stitute nearly all of the contamination. The main sources of
contamination are in the incoming carriex gas containing re-

active steam, and in the nutrient BeO riaterials. '

Several experiments were run where the seed plates were pre-
treated with hydrofluoric and hydrofluorosilicic acids. 1In
these experiments, crystal nucleation was greater in the regions
treated with hydrofluoric acid, and less in regions treated
with hydrofluorosilicic acid. This difference is believed to
be due to the leaching out of impurities from the surfece of
the seed plate, and can be considered similar to the different
nucleation/growth potentials at the surface of growing and
contaminated crystals., This similarity and knowledge of the
role of impurities in the flux growth method and in the evapo-
ration-condensation process point up quite strongly the need

" for observing the controls set forth below and especially those

pertaining to the purity of the system.

(1). The réaction zone is constructed completely of pure poly-
crystalline beryllium oxide to minimize impurities present -
in the system. ‘

(2) Nutrient material utilized as a source for beryllium hy-
’ droxide is high purity sintered beryllium oxide grit or
scraps and the seed material is also beryllium oxide.

(3} “Induction heating through the use of the graphite susceptor
gystem is initiated with very rapid heating rated on the
order of 7°C per minute. ‘ ' ’

(4) Water vapor is introduced at a temperature of 1200°C into
the reaction zone using helium as a carrier gas.

(5) wWater flow rates are on the order of 2 cc per minute.
(6) Vaporizer bath temperature should be 180°C.

(7) The high temperature reaction zone where evaporation of
the beryllia occurs is between 1775 and 1825°C.

(8) A .reaction holding time of 2% hours is utilized.

The cloge control of seed surface conditions so as to yield
platelets in the proper section of the reaction chamber, the
reaction chamber temperature, and the vaporizer temperature
as it controls the water content of the carriexy gas, are three
parameters which need much better control in order to yield

-5
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#IGURE 11

Low Temperature Fiber Thexrmal -
Conductivity Apparatus

FIGURE 12

Active Components for Fiber
b Thetmal Conductivity Apparatus
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high pu:z ity single crystals oi Be0 large enough to be useful
in prototype fabricatien and testing. Variations of as little
as + 59C in the vaporizer bath temperature have been found to
medify crystal habit from either a fibrous orxr cotton-like con-
densate to the platelet form which is desired.

b. Solution Growth Experiments

Preliminary experimental runs were made with the platinum-wound
furnace. At tamperatu*es in the vicinity of 13757C a reaction

: occurred between the platinum winding and the Al,04 muffle. After

several attempts to make use of the platinum-wound furnace, it
bscame evident that the prr ent system was not compatible with the
M0y vapors above the solution. A second solution growth furnac
was constructed using Globar heating elements in an Al,y05 muffle.
The furnace was calibrated in the temperature range 1300 - 1500°c,
and several solubility experiments were run to determine the best
‘operating conditions and growth parameters. Table IT lists these
experimental runs and their results. Use has been made of both

-LisMo04 and LisMog0y with MoO3 and spherical BeQ powder (-325

mesh). Results to date indicate that LigMo04 with excess MoOy
is bhetter than LipMo,0; with excess Mo0Oy., It is also indicatec¢
that the L12M004 made from LiOH =2nd MoO3 was better than the com-

‘mercially available LisMo0,. the reason probably being asscoi -ed

with the -17, 2% exceus Li,0 presgent in the commerxcially avallablu
material.

Data indicate that at 1455°C .approximately 0,25 mcle of Be0d may Le
dissolved in LijMo0,:1.25°Mo03. Crystailization of Be0 micro-
crystals waa accomplished at 14259 after 2 mixture af LipMo04,
Mo0; and Be0 (Molar ratio 1:1.25:0.5, respectively} was heated

to 1455°C for a period of 30 hours then held at 1425°C for 48

_hours. These crystals were no more than 0.005 - (.010" in cross

section but displayed many of the physical characteristics assoc-
iated with crystala grown from alkali molybdate solutions by
other investigatocrs. -

These idencifying characteristics include complete transparencyf\\

hexagonal cross-gsection, and hemi-pyramidal growths from the basal -

gurface. (Fig.l13) Growth rates have been reported in the vicinity
of 0.001" per day. Growth rates with LijMoCy made up by National
Beryllia appear to be somewhat faster and continued efforts will
be directed toward perfection of the process to produce laryer
crystals faster. »

For better control and faster growth, an artificial tempevrature
gradient has been built into the system using BeO heat sink blocks
and Bed rod (1/4" x 1" x 3%") between the heat s8ink and the plati-
num reaction crucible., With this set of conditions it is

possible to maintain a temperature of 1455°C on the platinum
crucible and 1325°C on the heat sink enc ot the heat transter

“26=
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. PIGURE 13
PHOTOMICROGRAPHS OF MICROCRYSTALA
PROM SOLUTION GROWTH ¥XPERIMENTS
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rod. One additional heat transfer rod has been introduced
between the melt and the heat sink to complete the necessary
artificial gradient. This design offers the possibility of
soecuring a definite and controllable thermal extraction area,-

2. Task B ~ Properties Determinations

a. Dielectric Properties

Figures 7 and 8 show a plot of capacitance as a function of )
distance between electrodes for sample holders 1 and 2. These
data were used in calikration of the sample hclders with ang
without concentric metal shields. It was found that metal shielas
were not necesgsary and, in fact, led to misinterpretation of data,
The small diameter of the shield introduced error into the system
through the added high lead-~to~shicld capacitance. Datz gained

on both sample holders without a shield was more reliable, realis-~
tic and reproduc;ble. In the case of the sample holder No. 2,

the design of the holder itself affords sufficient shielding
except in a case where a fluorescent loop light is operated very
close to the test apparatus. In thig case the 60 cycle pickup

by the bridye assembly appeais to have a greater effect on the
readings than sanple interference. Capacitance readings shown

in Tables IV and V are repregentative of the capacitance of the
complete holder, which should remain constant and the varying
capacitance of the air gap.  The composite capacitance is shown

as a function of the -electrode spacing. The difference in sample
holder unit c.pacitance accountz for the difference in capacitance
readings for- the two hclders with the same clectrode spaciny,

One additional alteration was neccssary to improve the guality

of the readings. This involved the reworking of the gyround
electrode to produce wo cqual diameter clectrode proles. and
prevented the i1nclusion of stray capacitance readings ar-und

the edgyes of the Be() crystals (Pigures 14 end 15).

Preliminary calibration. of Lhe unit using sample specimens of
polycrystalliné BeO between 0.092" and 0.012" thick was com-
pleted prior to initiating teuts on single crystals. Data yaluned

- from this calibration - standardization portion of the program

pointed up several important facte ugcful in later testing of
gingle crystals, '

_Diclectric mecasurements on single crystal platelels of Be0 were

first made using two electrodes of different crogs-sectional
arcas. The high "¢ad was 0.050" diameter with a low angle
tapcer: the ground electrode was a pedestal of uniform 6,190
diamcter. The single crystal gamples were positioned botween

~28~



FIGURE :
PHOTN OF SAMPi: OLDEP NC. 2

FIGURE 15
PHOTO OF ELECTRODE ASSEMBLY
OF SAMPLE HOLDER NO. 2



. L
EFER P

the vnit electrodes with silver paste squeezed into surface~
conforming electrodes in contact with both faces of the crystal.
Capacitance readings were taken and the elsctrode areas were
measured., Several faults were found with this type of set-up.

(1) Measurements of exact areas of contact were very poor
due to mize and irregularity of shapes of crystals.

12) Silver pastes (and other pastes) do not constitute

pure metallic electrodes and the contaminante present
contribute to the total capacitance of the system,

{(3) As the thickness of the silver paste electrodes varied
the high lead~to-ground stray capacitance varied and was
not measurable,

(4) Bandling of crystals and application of pressure were
very difficult and in many cases resulted in damage to
the crystal,

Following alterations in unit electirode design, the following
procedure wag used in measuring dielectric properties of single
Beo plstelets,

(a) Specitmen was selected with hexagonal cross-gection and
surface free of spurious growths and other imperfections.

" (b) Two tin foil eluctrodes of 0,050" diameter cross-section

" were fabricated between high lead and ground electrodcs
of equal cross-section,

{¢} Burfaces of tin foil electrodes were treated with vaseline,
and electrodes were positioned on urit electrode tips.

(d) Single crystal platelet was positioned on foil on ground

"electrode and high lead electrode was brought in contact
‘uging micrometer advance.

(e) Ccapacitance measurements were made with several different
electrode contact pressures,

(£) Single crystal specimen was removed to metallograph for
exact measurement of thickness.

Table VI lists dielectric twest data for single cryétal BeO
platelets, All measurements were made parallel to the c~axis.
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Polycrystalline Be0 has a dielectric constant of £.3. @Gample
holder No. 2 was calibrated and standardized with thin wafers
of polycrystalline BeO produced by cold-pressing z2il sintering,
and by hot-pressing technigues.

it is interesting to note that on crystal CpP II-17 a dielectric
constant of 5,89 was established by holding the crvstal lightly;
however, when the electrodes were tightened on the crystal, a

~ dielectric constant of 7.07 was established. This crystal

showed the least aumber of surface imperfections c¢f the crystals
tested. This same characteristic response to pressure was also
e»idenced with sgeveral other crystals, indicating that as pres-
sure was increased the interface vaseline was squeezed out and
the readings more closely described the true capacitive nature
of the singyle crystal BeO. BA discussion of these regults and
the anisotropic characteristics of single crystal platelets of
Be0 is contained in a later section of this report.

Takle VII lists data on the volume resistivity of single crys-
tals of Be0 neasured parallel to the c-ax.s. The instrument
used was a Type H Teraohmmeter capable of measurements to 500
teraohms at 1000 wvdc. All measurements were made after at
least cne (1) minute at a given working voltage, and after a
stable temperature had been established for at least five (5)
minutes. Room temperature tests werge conducted at 200. 400,
600, 800 and 1060 wvdc levels. Elevated temperature tests were
conducted at 200 and 500 wvdc levels to temperatires of 125°C,
Results indicate that the volume resistivity at room temperature
and 5G0 wvdc is higher than can be accurstely measured with a
teraohmmeter, and appears to be at 1015 cum—cm to 1018 ohm-cm.
It is definitely well in excess of 500 teraohms at room tempera-
ture and up to 1000 wvdc applied parallel to the c=-zxis for
extended periods cf time.
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b. Optica. Properties

A study was made of the optical characteristics of beryilla single
crystals in the infrared range which will relate directly to the
ability of the crystals to transmit heat when utilized in conjunc-
tion with various compcnent devices The spectrum studied wss

from 2.5 to 16 migrons. The technique was similar to that used

for material which could be formed irto a continuous f£ilm. The
infrared test data is shown in graphical form in Figures 16 and

17. Analysis shows 99% transmission from 2.5 to 7 microns for sin-
gle crystals, above which it exhibits strong absorption. Trans-
mission decreases to 8% at 8 microns where it remains constant .to

16 microns., ¥or comparison purposes corresponding data was obtained
on mosaic structures made up of several single crystals, 95% dense
cola pressed and sintered BeO and theoretically dense hot-pressed

Be0 of 99% purity. Transmission characteristics for mosaic struc-
tures were similar to single crystals, but transmission level was
lower due to fixturing and misorientation. A noticeable absorption
peak occuxs in the Be0 single crystal at about 7.3 microns and a mino
peak occurs at 6.5 microns. These absorption peaks were reproducible
over several 3e0 monocrystalline samples mounted in various ways with

‘both slow and fast scan on the spectrophotometer indicating a funda-

mental behavior of the crystal struacture.

¢. Thermal Propercies

Considerable work was done vnder this portion of the program to
esiablish the fensibility of using a method defined as unsteady
state heat flow through thin sheets. (4) This work was conducted
at Queens Laboratory, Edison, New Jersey. A full report was sub-
mitted tc National Berylliz by Queens -Laboratory and is included
in Appendix 1 tc this report.
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IV. SUMMARY AND CONCLUSIONS

Task A. Single Crystal Growth

The growth of single crystals of beryllium oxide by the water vapor
transport method has been the most successf"' method of preparing
single crystals in a form useful for determining the anisotropic
chaxacteristics of their physical properties. The continued .growth
of small platelets to yield larger, more useful test samples is
mainly dependcnt upon the thermodynamic properties of the system
and the impurities present in the system as they affect the nuclea-
tion and kinetics of growth. Growth by crystallization from solu-
tion shows very definite possibility as an alternate method to pro-
duce monocrystalline beryllium oxide if the crystallization-growth
controlling parameters may be better defined and controlled.

Task B, Dielectric, Optical and Thermal Properti 9

Several 1nvest1gatovq (8) have reported the crystal structure of
beryllium oxide to be a dihexagonal =+ ructure. Piezoelectric
characteristics have been jdentified and are similar to what one
would expect based on the crystal structure and- -hemi~pyramidal
crystal characteristics and the physical response to chemical
-etching.

Predictions on the anisotropic dielectric properties of BeO follow
two general trains of thoughi. One line of thought would expect
deviation of the dielectric constant for single crystal material
from the average value for polycrystalline material based on the
relative inter-atomic distances in the “c¢" and "a" directions. Cell
cothangs have been determined by x-ray analysis as ag = 2.6979 +
0002 A, and co = 4.3772 + 0.0002 B, c/a = 1.63. Another line of
\%ouﬂht would expect deviation based upon the relative interplanerx
distances and the bond dictances. In this case the Be~0 bond dis-
tance paraliel to the c-axis is 1.659 £, and the Be-0 bond distance

ar 108°47"' fyrom the c-aris is 1.645 £,

If one considers only the cell constantz {(c/a ratio of 1.63) he
could expect that the dielectric censtant in the "¢ direction should
be less than 6.3, and in the "a" direction more than 6.3.

Using the same inter-electron effectiveness reasoning, but consider-
ing the interplanar zs well as the inter-atomic distances butween
dissimilar atoms one could expect that the dielectric constant in
the "¢" direction should be more than 6.3, and in the "a" direction
should ke less than 6.3. 1ntcrpl\nar distances are 1.659 R, and
0.5297 A- inter-atomic distance between digsimilar atomsg on a planar
projection is 1.5574 £.
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It is interesting to note that on crystal CP II 17 a dielactric
constant of 5.89 was established by holding the crystal lightly;
however, when the electrodes were tightened on the crystal, a
dielectric constant of 7.07 was established. This crystal showed

the least number of surface imperfections of the crystals tested.

This same characteristic response to pressure wa: noticed on several
crystals, indicating that ag the pressure was increased, the inter=-
face vaseline was squeezed out and the readings more closely described
the true capacitive nature of the single crystal BeO. .

In measuring the volume resistivity of single crystals of beryllium
oxide it was difficult to properly evaluate the electrical char-
acteristics due to the size and shape of the platelets. However,
it is quite evident that the volume resistivity of monocrystalline
.platelets of Be(Q tested with 1000 wvdc applied par?llel to the "o
crystallographic direction is well in excess of 107" to 1018 ohm-cm
at temperatures up to 125°C.

*1f*cvod transmission-abasorpilon characteristics were determined

in the range from 2 to 16 microns. It was cstablished that single
crystals of Be(O exhibit nearly 99% transmission in the range 2 to

7 microns, with a major absorption peak at 7.3 microng and a minorx
absorption peak at 6.5 microns., Tranemission cd-creases tO approxi-~
mately 8% at 8 microns and remains ccunstant through 1lé microns:
Cold-pressed and sintered BeO with density of 95% showed almost total
absorption throughout the 2 to 16 micron range. Theoretically dense
hot+pressed Bel of 99% puri ; showed optical characteristics similar
to those of ‘single crystal <0 in the positiong of the absoxption
peaks, but different in the transmission and absorpticn levelsa.
Mosaic structures made up of several crvstals of BeO showed similar
characteristics to single crystals but lower transmission level

due to fixtuvring.,

maci e, MG SRR RS0 AWRG

Tests run by Queens Laboratory ior National Beryllia Corp. on the
determinaticn-of anisotropic thermal properties of monocrystalline

B20 by the unsteady state heat flow method showed the method would

be acceptable for mesmsuring the thermal conductivity of single crystal
platelets of Be0O. No tests were run on BeC single crystals.:

> w—e ay

=

When reviewing the above summary of data, accumulated during the
course of this investigation, it becomes evident that there eoxists

a very definite nced for further studies of the anisotropic charac-
teristicu of monocrystalline Bz0O. Results gained under the present
contract are in good agreement with those gained through several
other investigaiors. However, not enough conclusive data has been
generatzd which cnn fully describe the anisotropic characteristics

of BeC®. A sufficient bagis, both in experience and in regults, has
been estaklished to assure a rapid coordination of facts into a truly
conclusive description of these anisotrcpic characteristics through

continued studies.
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UNSTEADY STATE HEAT VLOW THROUGH THIN SHEZTS

ntrodustion

L=

Outlined below 1s the prelimlnary iﬁvestigation of the
Toualblility of measurling thermal diffusivity of ceramle nateriala
by Studyiﬁg the {low of & ginusoldal temperature variatlion
through a4 thin shegf of the materiuil. ‘'the problem §a ovars
gimplified und in practice there will be the obvious necessity
of handling various corraecting, on dmaign1pg the experiment’so
83 fp minimize the nacessity for these corrections, The core
rootions will be mentjoned at the end but not shﬁdied in detall

at this stage of the inveatigation,

. Idealized Conditions

The sample, in the fonﬁ of an Infirfte sheet of finite
thiokness, i3 Bubjacfed ca oné slde to a heat flux which varies
sinusoldally with time so that in enw hualf cycle it 18 recelving
and in the other half cycle 1t 1s emitting. The surface of tLhe

alieet 18 congidered opeque to whatever radiation is falling on

1t, and all rédiatlon omltted (s considered to be radlated from

t.ve surface, not the inténior. ‘The otter surface 1s cénaidered
to be pérfectly insvlated so that thers s no heat flow into or
out of this surface., Radiatlon transfor within the sheat 1s

also negliected,
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The flow of heat to the irradiated side willl be
taken to have the form
I, slnw t cala/cme/asc
The boundary condlition will be
I, 8lnWt we - ‘&%
whers k 1s the thermal conductivity, This heat will pass into
the interior in the form of a decaying temperature wave of the

Ne VE* oo (wt- VE T ado (wt- (% %)

where <, is the thermal diffusivity of the material and A and B
arg arhbitrary constants to be determined so that the boundary

condition 1s satiafled.

Tho front wall (recelving Athe radiation) 1s taken to
be located at ‘X2O and the insulated backwall at Xz G
The incoming thermal wave will generate a reflected wave at the
backwall of such e form that the addition of the incoming and
roflected waves gives a zero gradlent at X=xO The wave will
be again reflected at X 20 the two waves adding up to give
zero gradlent so that the first boundary condition is still
satisfied. The wave oan be followed until it has decayed to

where 1% hes no significant effect on the temperature variation.

To satisfy the fire.t boundary oondition at Y= O

(.Iaﬁmwt:a - ﬁ) 1.t comes out that
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It turng ocut that the absolute magnitude and the

phese of the first thermal wave going into the sheet are not

important since the method uitimately reduces to measurement of
the ratio of amplitude variation on the two faces,

The incoming temperature wave is written thus in the
J._% - ‘
T N~ Va # £y ?
L & Con J WE-N 33 7‘3
The first reflected wave (at He@. ) is written

T Com VR Ew) op St -2 () §

The next reflected wave (at Y =@ ) 1s written

C(‘;‘”\( (2 +") Coo g().}h \I (2&..476)2
The next (av Yeqd ) is

¢ e Vi (k) C‘:mvé’wé V% lda-x)

These rerresont ths weves truvet ing back and forth until their
\

fern

i
amplitudy becomes neglipgibie,
3

The tempsrature at Aeo 1is glven by

v

Cie.

S
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and at e @  the temperaturs is given by ete.

W -
7 2Ce V2 § eowtem Ve raawt 4nlKa g

wr'hfﬁoo f:co‘C‘ﬁe‘«Mw‘t Mr‘%j

For values of \’ & ¢, ranging from O +o 7 in steps

. e
I
were couputed by taking the square root of the sums of the

of these two expressions were summed and amplitudes
squares of the coefficients of sin (¢ and cos it ‘after
the summation had been carried out. The resulting curve is

plotted in Fig, L with the ordinate expressed as the ratio of
‘the square of the amplitudes of the temperature variation on

tne two faces of the sheet.

sxperimental Arrangement

After some preliminary tests the following arrangement
wa3 sot up to make a qulck ("check cf the experimental feasibility.
The sample was a single crystal of magnesium oxldes of thickness
.025 cms. The surface tempsratures were read by depositing on
the-surface by sputtering a thin coat of platinum, In ordex
to et a aufi‘iciently hizh resisvaince the electrliesl patll was u
maze made hy masking durlng the sputtering. an approxirate

desi,n 1s snown in t'i;, 2.
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The platinum serves as a resistance thermometer to weasure
surface temperature. Some attempta were made to deposit two
different metals overlapping to serve as a thermocouple, Ths
resistance thermometer was, howsver, mﬁch eagier to deposit end
was much more reproducible. The thermocouple idea might still
have promise but would require more develbpment than seemed

proper in this test."

The sinusoidally varying flux was approached by inter-
rupting the heat radiation from a tungsten filament bulb fitted
with internal reflectors. The interruption was by mesns of a

gsector digk driven by a variable speed motor.

Since the incident radiation must ﬁot be allowed to
impinge on the back surface, the front surface (and the back
gsurface) were coated with Black Top #5, an asphalt based black
Ink which rendered the surfaces opaque, This was féund

experimentally to be necessary.

The amplitude of the temperature variation on both
sides was amplified through a Bogen.200 implifier and read on

an oscilloscope with calibrated scale. The circult wus ae

shown in Fig., 3.

The resistance R was chosen to bs clnée to the room -

temperature resistance of the sample (about 1200 ohms). The
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filter network was a twin T network designed bto filter un-

wanted 60 cycle pickup.

There was very little time required tc ~gach
equilibrium because of the thinness and compsretively high

conductivityr of the sample.

The points taken from such a test are shown plotted
in Fig. 1 using the 3anme ordinates and abeissae as were used 1
the caleculated wave. No corrections of any %ind have been

applied to these data.

Possible Corrections

Since the incoming flux of radlation 13 not truly
sinusoidal it may be nevessary either to carry ocut a Fourier
analysis of the wave form or to arrange a system of electrical

filter to transmit only the fundamental frequency.

Cérrections will in all probability have to be mads
for radiation losses from the two faces of the sample. Such
losses would change the reflection conditions at the surfaces

and would modlify the mathematical treatment,

The finite thickness and thermal capaclity of the

opaque coating might have to bhe allowed for,

In ceses where the gample 1s very thin it may be

desirable to sputter and then electroplate a backing of copper

Pl
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80 as to reduce the frequency which nay be quite high for

thin beryllia semnles.

Corzlusions

.

As far as can be judged from these preliminary experi-
ments the method 13 entirely feasible., Some modifications may

have to be made for wery thin and very highly conducting samples.

HTS/b jm
January 16, 1964





